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Abstract 
The substitution of steel as base metal for casings and packaging applications has increased during the last years. Especially 
aluminum with advantages in weight and machining effort has become a versatile solution for applications in fine mechanics 
(e.g. sensor housings) and automotive applications. Joining of aluminum components is more critical due to possible crack 
formation in the joining seam and uneven seam geometry. With the high intensity of brillant laser beam sources the specific 
challenges of aluminum welding can be overcome. Due to its hydrogen affinity and high degree of reflection for laser radiation at 
a wavelength of 1 μm (95%) aluminum needs to be welded with proper shielding gas support and high beam quality in order to 
avoid seam defects. Cracks and pores can lead to non-sufficient tightness for sensor applications and early failure. Housing 
components have been joined to form a functioning unit in order to seal electrical or measuring components, which are helium-
tight for these applications. 
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Nomenclature 
P Laser power [W] vs Welding speed [mm/s] 
Aw Amplitude [mm]  F Frequency [Hz] 
A Absorption coefficient [-]  TM Melting point [°C] 
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a b 
I Intensity [W/cm²] DT coefficient of thermal expansion [μm/(m K)] 
E Modulus of elasticity [GPa] 'T Temperature difference [K] 
V Tensile Force [N/mm²] ES Energy per section [J/mm] 
HAZ Heat affected zone dF Focal diameter [μm] 
Pe Peclet number [-] TV Evaporation temperature [K] 
a Thermal diffusivity [m²/s] lth Thermal conductivity [W/(m K) 
U Density [g/cm³] cp Specific Heat Capacity [J/(g K)] 
AR Aspect ratio [-] WD Weld depth [μm] 
SW Seam width [μm]  
1. Introduction 
In order to save energy and to develop more cost-efficient products worldwide, the demand for lightweight 
materials has grown in various industrial applications during recent years. Aluminum has become one of the most 
common alternative materials to steel for various applications in design and manufacturing. Its lower specific weight 
and an easier machining process are two important factors for that. In this current contribution a sensor housing 
application is discussed in detail. Work pieces have to be joined by processes like laser beam welding to form a 
functioning unit sealing the inner electrical and measuring components. A special requirement can be helium-
tightness for such applications. 
In this paper we will discuss the parameter design for the evaluation of sufficient seams and compare the material 
influence on the weld seam. Furthermore we will discuss the seam and defect formation (cracks and pores) and 
show the results of the experiments on sample parts. 
In this paper the formation of the weld seam, pores and cracks are discussed and approaches for helium tight 
welding are shown. By varying parameters the process behavior in laser beam welding of aluminum is evaluated and 
analyzed. The analysis has been performed for two different kinds of aluminum alloys: Al99.5 and AlMg4.5Mn on 
sample housings with a thickness of 0.5 mm. The design and manufactured parts as well as the welding 
configuration are shown in Fig. 1. 
 
  
 
Fig. 1. Sensor housing – (a) design (b) manufactured sample and welding configuration. 
 
An excerpt of relevant material parameters is listed in Table 1. 
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Table 1. Comparison of relevant material parameters for Al99.5, AlMg4.5Mn and 1.4301. [1–3]  
Note: The evaporation temperature TV is chosen from the base material (Al or Fe) [2] 
 
Material TM [°C] TV [K] DT [μm/(m K)] for 20°C-
100°C 
lth  
[W/ (m K)] 
V  
[MPa] 
E [GPa] A [-] 
Al99.5 646 - 657 2743 23.6 227 110 69 0.08 
AlMg4.5Mn 590 - 638 2743 23.8 117 300 70.3 0.08 
Stainless Steel 
1.4301 
1400 - 1455 3273 17.3 16.2 505 193 0.3 
2. Theoretical discussion of the behavior of aluminum during the laser beam welding process 
Laser beam welding in general has to be divided into two regimes of process stages, heat conduction welding and 
deep penetration welding. In heat conduction welding the laser beam hits the surface, where the power is absorbed 
over the area of the laser beam and melts the material. Due to heat conduction effects the seam becomes broad but is 
very shallow. In deep penetration welding the laser beam heats up the material over the evaporation point so that a 
keyhole is generated in which the laser is reflected on the keyhole walls multiple times. Thus the laser beam can 
reach deeper into the material and the welding depth is increased in comparison to heat conduction welding (Fig. 2). 
 
 
  
Fig. 2. (a) heat conduction welding (b) deep penetration welding (c) multiple reflection of laser beam in a keyhole [4]. 
In deep penetration welding the welding depth is increased, but due to the formation of the gaseous keyhole the 
risk of process defects is increased. This can be lead back to instabilities in the keyhole like constriction and 
collapse. Furthermore porosity can be caused by the evaporation of solved gases in the liquid aluminum which degas 
during the cooling [5]. 
For an estimation of the power threshold between heat conduction and deep penetration welding formula (1) [6] 
can be used. 
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The Peclet number is calculated in formula (2) [7] 
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The thermal diffusivity a is calculated in formula (3): 
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An exemplary calculation for AlMg4.5Mn is as follows: 
With cp = 0.900 J/(g K), U = 2.66 g/cm³ and lth = 117 W/(m K) the thermal diffusivity is calculated as  
a = 4.89x10-5 m²/s. Thus the Peclet number (df = 30μm, vs = 100 mm/s) is calculated as Pe = 0.06. The threshold for 
the power to reach the deep penetration effect with A=0.08, TV = 2743 K and the above calculated values is 
P = 284 W. The threshold power for a non-moving beam (vs = 0 mm/s) is 280 W. The threshold for a non-moving 
beam and Al99.5 (cp = 0.900 J/(g K), U = 1.705 g/cm³ and lth = 227 W/(m K) is 543 W. Due to the lower thermal 
conductivity and higher absorption for the stainless steel 1.4301 the deep penetration effect can be reached with 
much less power (vs = 0 mm/s, P = 12 W). [1–3] 
These values cannot be seen as a strict border as the influence of the absorption is very strong and surface 
roughness, oxidation layers and debris can influence the absorption coefficient. With formulas (1), (2) and (3) a 
power threshold for the deep penetration is calculated for different welding speeds. (Fig. 3)  
 
Fig. 3. Dependency of power threshold for deep penetration welding and heat conduction welding to welding speed. 
Possible defects in the seam can result from the cooling of the material and the shrinkage of the molten material. 
Thus the size of the meltpool has to be considered when welding aluminum. For an estimation of the resulting 
tension due to shrinkage Hooke’s law for impeded thermal expansion is applied. 
ɐ ൌ െ D୘ ο (4) 
  
With E = 69 GPa, DT = 23.6 μm/(m K) and 'T = 637 K (657°C to 20°C) the resulting tension is calculated to 
1070 N/mm², which is higher than the ultimate tensile strength of Al99.5 (110 N/mm²). With E = 70.3 GPa, 
DT = 23.8 μm/(m K) and 'T = 618 K (638 °C to 20 °C) the resulting tension is calculated to 1030 N/mm², which is 
higher than the ultimate tensile strength of AlMg4.5Mn (300 N/mm²). This would mean that under the given 
circumstances the shrinkage of the material could lead to cracks. Not considered in this calculation are plastic 
deformations. Furthermore the decrease of the ultimate tensile strength in the molten phase has to be considered. 
Also material and phase influences have not been considered for the appearance of possible cracks. In comparison 
for common steel (1.4301) with E = 193 GPa. DT = 17.3 μm/(m K) and 'T = 1435 K (1455 °C to 20 °C) the tension 
can be calculated to 4790 N/mm², which is also higher than the ultimate tensile strength. Nevertheless 1.4301 shows 
no significant tendency to form hot cracks in laser beam welding [8]. This shows that the approach for calculating 
the tension due to shrinkage with this method is not sufficient to predict crack formation and improvements have to 
be done. Furthermore the exact crack formation mechanism has to be examined in more detail as shown in Fig. 4. 
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Fig. 4. Hot cracking in a bead-on-plate, partial-penetration weld of 6,061 Al: (a) transverse weld macrograph; (b) dendritic fracture surface 
typical of solidification cracking; (c) smooth fracture surface typical of liquation cracking. [9]. 
One approach to determine weld solidification crack growth is based on steady state conditions of mass 
flow [10]. Assuming that the crack tip growth speed is the same as the welding speed a mass flow balance can be 
stated (Fig. 5, formula 5). 
Ɂሶ ୐ሺ െ ሻ ൌ ሶଵ ൅ ୐ଶ 
dL: transverse displacement of a mushy zone grain boundary; L: distance between coherency and solidus 
temperatures; x: location of the crack tip; vL: back-feeding of liquid; h: liquid film thickness 
(5) 
The mushy zone is the semisolid zone behind the molten pool. The formation of liquation cracks is increased, if 
during the solidification process between the partially melted zone and the dendrites in the fusion zone is too much 
grain boundary liquid. This means that a reduction of the weld-metal fraction solid results in lower crack 
susceptibility. [9] 
 
To understand the effects described by the formula it shall be interpreted in the following way: assuming that the 
molten pool has to bear no tension when ݔሶ݄ଵ ൅ ݒ௅݄ଶ is 0 (no tension resulting from material shrinkage) either dL or 
(L-x) has to become 0. Assuming that (L-x) cannot be zero as there would be no length between the molten pool and 
the coherence Point, dL has to be zero. Vice versa this means if there is stress due to material shrinkage ݔሶ݄ଵ ൅ ݒ௅݄ଶ 
has to be > 0, then the term ߜሶ௅ሺܮ െ ݔሻ is > 0. Assuming that the tension correlates with dL,(L-x) has to be as big as 
possible to reach minimal tension. Using the boundary condition for the description of L (L = (Tc í Ts) /G with Tc 
coherence temperature, Ts solidus temperature – both material dependent - and G temperature gradient – process 
depending) L becomes big if there is a low temperature gradient G. The temperature gradient depends on different 
parameters as P, vs. For example higher welding speed means higher temperature gradients. 
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Fig. 5. (a) schema of crack growth and dimensions in the welding zone [10]; (b) formation of liquation cracks by solidification [9]. 
 
Pore formation in aluminum welding is important and has to be considered for the helium tightness. Two 
important factors have a high influence on the pore formation: outgassing of hydrogen and instabilities of the 
keyhole. While the outgassing can be influenced by the choice of a right shielding gas and base material, the 
stability of the keyhole is mainly influenced by the process parameters. High welding speeds can lead to a bending 
of the keyhole and constriction of the walls leads to formation of pores by remaining gas in the molten pool. In 
opposite to that, Aluminum needs to be welded with low energy input to avoid crack formation. This can be reached 
by either reducing the power or increasing the welding speed. Therefore an ideal parameter area can be identified. 
Critical points in the weld seam are the formation of the keyhole at the beginning of the seam and the end of the 
seam where the keyhole collapses. In the beginning of the seam, the material is not heated up and the keyhole has 
not yet reached its full depth. Therefore an increase in the welding depth at the beginning of the seam can be 
observed. In order to reach a tight connection and a connection between both work pieces an overlap is necessary in 
which the keyhole and therefore the weld seam has reached its maximum depth. An abrupt decrease of the power at 
the end of the seam can lead to undercut cracks in the surface. 
3. Welding process evaluation 
The experimental setup consists of a single-mode fiber laser (SPI 400W) and a galvanometric scanning device in 
combination with a telecentric focusing lens. Due to the small focal diameter of df = 30 μm and the power P = 400 
W a high medium intensity of I = 1.1x107 W/cm² can be reached. Thus the oxide layer on the aluminum surface can 
be broken very easily and the incoupling of the beam into the material is very stable. The relevant parameters of the 
used setup are listed in Table 2. 
 
Two of the main factors influencing the welding result are power and welding speed. In general, an increase in 
the power results in an increase of the welding depth. An increase of the welding speed results in a lower weld 
depth. A similar behavior can be seen in the correlation of power and welding speed with the seam width. Both these 
tendencies are valid for Al99.5 as well as AlMg4.5Mn (Fig. 6). For the choice of appropriate process parameters the 
welding depth has to be considered. As the thickness of the cap is 0.5 mm the minimal welding depth should be 
around 550-600μm. 
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Table 2. Technical specification of SPI 400W fiber laser and experimental setup. 
Property of experimental setup Numerical value 
Central emission wavelength (data sheet) 1070 ± 10 nm 
Focal length of focusing optic (telecentric lens) 80 mm 
Focal Diameter (measured) ~30 μm 
Rayleigh length (measured) 0.2 mm 
Divergence angle (measured) 130 mrad 
 
 
a b 
c d 
Fig. 6.(a) Weld depth and (b) weld width of Al 99.5 under variation of power and welding speed; (c) Weld depth and (d) weld width of 
AlMg4.5Mn under variation of power and welding speed. 
Due to the high heat conductivity of Al99.5 of 227 W/(m K) more heat is transferred from the molten pool to the 
surrounding material and thus the welding depth and seam width are lower compared to same sets of parameters for 
AlMg4.5Mn. 
The aspect ratio AR (ratio of welding depth to seam width) from the parameter sets in Fig. 6 is calculated and 
shown in Fig. 7. For weld seams in Al99.5 no significant jump in AR can be seen. This can be explained with the 
calculation of the power threshold for the deep penetration effect. As the threshold for the deep penetration in 
Al99.5 has been calculated to 543 W it would be likely that no stable keyhole is formed and thus the penetration 
depth is not very high. Analyzing AR for the weld seams in Al4.5Mn a jump in the AR can be identified from 0.8 
(for P = 200W) to over 1.2 (for P = 250 W and more). As the threshold for the deep penetration effect has been 
calculated to 280 W for AlMg4.5Mn with non-measured values, it is likely that a difference in the absorption 
coefficient (or other values) is responsible for the gap of the calculated and empirical determined power. 
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Fig. 7. Aspect ratio for the parameter sets in Fig. 4 (a) Al99.5 (b) AlMg4.5Mn. 
Having discussed the seam formation until this point, the next step is to analyse the formation of possible seam 
defects. Cracks can occur in the seam or at the border between the seam and the heat affected zone (HAZ). Not only 
defects on the inside of the seam occur, but also spatter can be observed. Spatter does not directly influence the 
tightness of seams but is an indicator for instable processes. Furthermore a correlation between the welding speed 
and crack formation has been observed, with higher welding speed the possibility of cracks is increased [11]. While 
at P = 200 W and vS = 100 mm/s no crack formation could be observed, at vS = 150 mm/s micro cracks can be 
observed in the area of the seam and the HAZ. The length and width of the cracks is increased further as the welding 
speed is increased to vS = 350-400mm/s. At theses welding speeds the cracks are not of microscopic dimension 
anymore and reach lengths of about 0.2 mm (Fig. 8). Using the approach of the model based description for crack 
formation in Chapter 2 it can be stated that lower welding speed results in lower crack risk. 
100 mm/s 150 mm/s 200 mm/s 250 mm/s 
300 mm/s 350 mm/s  400mm/s  
 
Fig. 8. Crack formation at constant power of 200 W and different welding speeds in AlMg4.5Mn. 
As there are only small variations in the width and depth of the seam, the size of the molten pool is not the only 
influencing factor in the crack formation. A higher welding speed results in a higher solidification speed. Also an 
increase in the power with higher welding speeds does not reduce the formation of cracks (Fig. 9). 
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Fig. 9. (a) Crack at the center of weld seam and a gas pore at the bottom of the weld 400 W, 250 mm/s; (b) 
Cracks between HAZ and seam 250W, 200mm/s AlMg4.5Mn. 
To evaluate the stability of the welding depth over the seam length, longitudinal cross sections have been 
analyzed. The welding depth shows only small variations over the seam length thus a high stability can be stated. At 
the beginning of the seam a significant increase in the welding depth can be seen as the keyhole forms during the 
beam movement and heat accumulation has not yet started. Both of these effects are important to reach deeper areas 
of the work piece. That effect depends on the power and the welding speed, but has not been fully examined in the 
studies. While with low energy per section ES=1.5 J/mm only very few pores occur an increase of the energy per 
section to 8 J/mm leads to a higher welding depth but the formation of pores is slightly increased. A further increase 
in ES = 40 J/mm leads to even more pores. The formation of an end cavity can be seen in all combinations, but with 
an increase in the energy per section the end cavity grows. A big pore in the end of the seam can also be seen. The 
pore can either derive from a collapse of the keyhole or the outgassing. (Fig. 10) 
  
 
 
 
Fig. 10. Longitudinal cross section of the weld seam for AlMg4.5Mn (a) 300W, 200mm/s (b) 400W, 50mm/s (c) 400W, 10mm/s. 
A comparison of the aspect ratio (Table 3) and the appearance of the cross section of the shown seams in Fig. 9 
proves that all of the seams were welded in deep penetration mode. 
Table 3. Weld depth, seam width and aspect ratio for chosen parameter sets. 
Parameter Set WD [μm] SW [μm] AR 
P=300W, vs=200mm/s 581 367 1,58 
P=400W, vs=50mm/s 1059 622 1,70 
P=400W, vs=10mm/s 1154 850 1,36 
beam movement direction 
End  
cavity 
a 
b 
c 
Micro cracks
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4. Process evaluation on sample parts and helium leakage tests 
As shown above, lower welding speeds decrease the risk of crack formation but increase the formation of pores. 
The influence of pore formation on the helium tightness is considered less than the influence of crack formation, as 
cracks possibly grow over time due to mechanical stresses and vibrations. Therefore low welding speeds and high 
power (P = 400 W, vs = 10…50 mm/s) are chosen for final tests on sample parts. Both Al99.5 and AlMg4.5Mn have 
been tested. Produced sample housings are shown in Fig. 11. 
 
Fig. 11. (a) Produced sample housings; (b) close up of seam appearance. 
According to [12] a leak rate of 10-6 (mbar l)/s can be considered as helium tight for chemical applications. The 
tightness has been measured as with tracer probe test setup. All of the produced samples show leakage rates below 
1.5x10-8 (mbar l)/s and can be considered as helium tight (Fig. 12). 
 
a  b  
Fig. 12. Results of the helium leakage test for (a) Al99.5; (b) AlMg4.5Mn. 
 
Problematic points in the seam are the end cavities as cracks occur there often. By the reduction of the welding 
speed this can be reduced too. After dye penetrant testing it can be seen, that with a welding speed of 100 mm/s 
cracks at the surface in the end cavity occur even big in size (crack length >1mm) while with a welding speed of 30 
mm/s no dye penetrant can be seen in the end cavity (Fig. 13). 
 
  
Fig. 13. Crack at the finishing point, 400W, 100mm/s (a); Less crack at reduced speed 400W, 30mm/s (b) AlMg4.5Mn. 
a b
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The analysis of helium tight samples in Al99.5 and AlMg4.5Mn with cross sections shows that no crack 
formation can be observed, but pore formation is very heavy (Fig. 14). The increased pore formation compared to 
bead on plate welds might be lead back to contaminations in the joint plane. 
 
  
  
Fig. 14. Welds that show helium-tightness (a) Al99.5 400W, 50mm/s; (b) Al99.5 400W, 10mm/s; (c) AlMg4.5Mn 400W, 50mm/s; (d) 
AlMg4.5Mn 400W, 10mm/s 
5. Summary and outlook 
In this paper the parameter design and influence of welding speed and power on seam, crack and pore formation 
has been discussed. Proper parameter sets of power and welding speed regarding weld depth, seam width and 
whether a seam is crack and pore free have to be evaluated. A material influence (most probably due to differences 
in heat conduction) on the weld depth and seam width can be seen from the comparison between Al99.5 and 
AlMg4.5Mn. Sensor housings of both materials are joined successfully and helium-leak tightness has been proven.  
Higher welding speeds lead to more cracks but reduce the possibility of pore formation, higher laser power 
increases the welding depth. Porosity cannot be avoided for these material thicknesses but crack formation can be 
largely suppressed.  
With the given formulas (1-3) a threshold for the deep penetration effect can be estimated in order to reduce the 
number of experiments which have to be analyzed to find sufficient parameters. The approach to estimate the 
possibility of crack formation with Hooke’s law is not sufficient enough and therefore more detailed analytical work 
has to be done here. Also the crack prediction and formation mechanism has to be considered further to better 
understand the material behavior during the welding and cooling process. Using the model of steady-state conditions 
of mass flow the reduction of hot-cracking susceptibility by reduction in welding speed can be explained. 
Nevertheless the exact crack formation mechanism and crack growth has to be analyzed in more detail to understand 
these phenomena further. The examination of the liquation crack formation has not been considered in detail here 
but shall not be neglected. 
In further research the influences of spatial power modulation on crack and pore formation have to be evaluated 
more precisely as only brief trials have been carried out here.  
 
 
 
a b 
c d 
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